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Abstract

Introduction

Intracellular elemental concentrations were measured in the cytoplasm, nucleus and nucleolus of cultured
Chinese hamster ovary (CHO) cells, using energy dispersive electron probe X-ray microanalysis and transmission
electron microscopy.
Synchronous CHO cell populations
were analyzed at different times during the growth cycle.
The elements K, P, Mg and Zn were all more concentrated
in the nucleus and nucleolus than in the cytoplasm, while
no specific subcellular compartmentalization was evident
for the elements Na, Cl, Ca, Fe and S. Significant
changes in intracellular elemental concentrations were
associated with the progression of cells from G 1 phase to
S phase of the growth cycle . Most significant were the
effects on the monovalent ions, Na, K and Cl.
The effect of a second generation platinum chemotherapy agent, cis-dic hloro -bis (isopropylamine) trans-dihydroxy platinum IV (iproplatin) on intracellular elements
was investigated by analyzing subcellular compartments of
drug-treated synchronous CHO cell populations. Changes
in intracellular elemental levels occurred, most notably in
the nucleus of G 1 phase cells , when a general depletion of
most essential elements was eviden t.
Attempts to analyze cells for their Pt content proved
disappointing, since quantitation for Pt was not possible .
However, measurement of Pt peak/background
ratio
yielded significant Pt peaks on analyzing lysosomes of cells
treated with high concentrations of iproplatin. These Pt
peaks were associated with high levels of S and Fe .

Cisplatin
is now a well-established
cancer
chemotherapy agent , used alone or in combination to suc cessfully treat a wide range of human tumors . Isoplatin is
a second generation platinum IV complex with equivalent
antitumor properties to cisplatin, while being considerably
less toxic to the patient (Connors et al., 1972; Cleare et
al., 1978) . It is now 25 years since the discovery of the
cytotoxic properties of cisplatin, but its exact mechanism
of action has yet to be elucidated . Early work showed that
only the cis- and not the trans-isomer of certain platinum
complexes were cytotoxic (Harder and Rosenberg, 1970;
Roberts and Pascoe, 1972) . This property of the cisisomer was attributed to its ability to cross-link DNA
strands . However , the trans-isomer has also been shown
to have significant cross-linking ability . Work with
platinum IV complexes has shown that while the cis- and
trans -isomers differ greatly in their relative toxicity, they
have similar DNA cross -linking abilities (Pascoe and
Roberts, 1974).
There is therefore poor correlation
between DNA cross-linking ability and platinum complex
cytotoxicity, suggesting that cisplatin and its daughter
compounds exert their effect on cells by some other means.
Alternative
mechanisms
of action have been
proposed. These include mutation induction (Rosenberg,
1980) disruption of cell membranes (Sodhi and Aggarwal,
1974 ; Wright et al., 1984) and alteration of membrane
permeability (van den Berg et al., 1981; Simpkins and
Pearlman , 1986). Cisplatin is known to affect essential
intracellular
elemental concentrations,
in particular ,
calcium (Aggarwal et al., 1980), magnesium (Stewart et
al., 1985), copper and zinc (Mason et al ., 1984, 1985). It
also inhibits intracellular
Na/K-ATPase
and Ca/Mg
ATPase (Dobyan et al., 1980; Aggarwal and NiroomandRad , 1983) as well as a variety of important thiolcontaining enzymes (Aull et al., 1979) .
Intracellular elements are known to be intimately
involved in the control of vital growth processes within
cells, by means of ion fluxes across membranes and by acting as enzyme activators. Fully quantitative X-ray microanalysis is now a well-established
technique for the
quantitation of biologically important elements within cells
(see references in the following reviews: Moreton, 1981;
Somlyo et al., 1981; Roos and Barnard, 1986; Morgan and
Winters, 1987; Warley, 1987). This technique has been
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used to demonstrate changes in intracellular elemental
concentrations during the cell cycle . Such fluctuations
have been correlated with events which govern the ability
of the cell to traverse the cell cycle (Cameron et al., 1980 ;
Warley et al. , 1983) .
Experiments were designed to investigate the effect
of a second generation platinum IV compound, iproplatin,
on intracellular elements, in vitro. X-ray microanalysis
was applied to freeze-dried frozen ultra-thin sections of
cultured CHO cells , to quantitatively measure a spectrum
of essential elements in subcellular compartments
at
different times in the cell cycle . Further cell populations
at G 1 phase , the G 1/S boundary and S phage were exposed
to iproplatin for 30 minutes before freezing down and
analyzing. By the same method , an attempt was made to
detect and localize platinum within drug-treated cells .

I.W. Morris

Frozen sectioning
Specimens were transferred to a Slee cryoultramicrotome and thin frozen sections approximately 300 nm
thick , were cut, using a glass knife, at a temperature of
208-203 °K . The sections were collected with the aid of
a vacuum device and an eye-lash, onto Form var-coated
nickel grids (100 mesh or 300 x 75 slotted grids) . The
sections were freeze-dried in the cryostat chamber for a
minimum of 1 hour , in the dry N2 atmosphere, at the same
temperature at which they had been cut. They were then
placed in a desiccator and allowed to warm up to room
temperature overnight. The grids were carbon coated under vacuum to stabilize them and stored in a desiccator surrounded by molecular sieve (type 3A ; Polaron Equipment
Ltd .) , to ensure complete and continual desiccation.

X-ray microanalysis
Grids were placed in a copper specimen holder with
carbon inserts and transferred to an AEI EMMA-4 electron
microscope fitted with a Link Systems 860 Series 2 energy
dispersive detection system . Analysis of unstained cryosections proceeded for 100 seconds live time , at 60 kV accelerating voltage and a 4 nA beam current (measured with
a Faraday cage) . The specimen area was cooled with gaseous nitrogen , to reduce contamination . A magnification of
xl0 ,000 was used at all times , with a probe diameter of 1
cm . Hence , an area of 0 .8 µm 2 was analyzed .
The cytoplasm , nucleus and nucleolus of 16-44 cells
were analyzed in control and drug-treated cell populations .
Control cells were chosen at random for analysis. Drugtreated cells were selected according to the morphological
appearance of the cell. Cells with abnormal appearance
were preferentially analyzed.
Spe ctra were collected and processed using a
Quantem program (supplied by Link Systems Ltd) to detect
energies of characteristic X-rays from 0-20 keV . This program allows for gain calibration and performs peak deconvolution and background subtraction by least squares fitting of prefiltered spectra . Quantitation is based on the
measurement of characteristic peak-continuum X-ray intensity ratios (Hall and Gupta , 1982) . Estimates are corrected
for the effect of matrix composition on the estimation of
background and for the contributions from the grid film.
The spectra were processed with reference to previously prepared peak profiles (Kendall et al . , 1985) for all
the elements in the spectrum : Na , K, Cl, Ca, Mg, P , S,
Fe, Zn , Ni, Cu , Si and Pt.

Materials and Methods
Cell culture
The methods of cell culture and synchronization
have been described in detail (Edwards and Nias, 1986).
Briefly, stock CHO cells were cultured in mono layer, in
HEPES-buffered minimum essential medium (Gibco), supplemented with 15 % 1: 1 fetal calf serum and newborn calf
serum, 0 . 6 % non-essential amino acids and 2 mM glutamine. Stock CHO cells were cultured in HEPES-buffered
medium for suspension culture (Flow Laboratories), sup plemented with 10% fetal calf serum, 0.6% non-essential
amino acids , 2 mM glutamine and 85 JU/ml penicillin and
streptomycin.
All procedures were performed at 37 ° C in
a 'walk-in' incubator.
Synchronous cells were harvested by gently shaking
8 x 75 cc flasks containing almost confluent mono layer cul tures and decanting the medium . Ten milliliters of fresh
medium were then added back to each flask and incubated
for a further 20 minutes. The first harvest was discarded ,
but the subsequent seven were collected, cooled to room
temperature (18-21 °C), pooled and finally resuspended in
fresh warm medium at a concentration of approximately
2 x 10 5 cells/ml. Using this method , the mitotic index of
the final ce ll suspension was consistently greater than 85 % .
The synchronous cell suspension was placed in spinner
culture in the dark at 37 °C.

Specimen Preparation
At 2 hours (G 1 phase), 6 hours (G 1/S phase) and 8
hours (mid-S phase), an aliquot of cell suspension was centrifuged at 1000 rpm for 10 minutes at 0-4°C, washed and
resuspended in a few drops of fetal calf serum . A small
drop of cell suspension was collected on a silver stub and
frozen immediately in Freon 22 cooled in liquid nitrogen.
Anhydrous iproplatin (Bristol Myers Co .) was dissolved in 0.9% sterile saline . At 2 hours, 6 hours and 8
hours, an aliquot of suspension was treated with 0.65 mM
iproplatin for 30 minutes (equivalent to 10% surviving
fraction) . The cells were centrifuged at 0.4°C, washed
and resuspended in fetal calf serum and frozen drops prepared in the same way as for untreated cells. Specimens
were stored in liquid N 2 before sectioning .

Statistical Evaluation
The data obtained by X-ray microanalysis were expressed as means ± standard error of the mean (mean ±
sem) and analyzed statistically using Student's t-test to
compare control and treated elemental values. Differences
were considered significant when p < 0.05, highly significant when p < 0 .001 .

Results
Ultrastructure of frozen sections
Electron micrographs of cryo-sections obtained
from CHO cell suspensions (Figure 1) indicate that the
cells retained clearly definable nuclei, nucleoli and cyto-
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Figure 2 .

Electron micrograph of a treated (2 .0 mM)
iproplatin CHO frozen section , showing a multinucleate
cell . Bar = 5 µm .

Figure 1. Electron micrograph of a control freeze-dried
CHO frozen section . Bar

Elemental

= 2 µm .

plasmi c organelles . The degree of ice crystal damage to
the cells was negligible . The ribbon -like material surrounding the cells comprises frozen strands of fetal calf serum in which the cells were suspended before freezing.
Intracellular
aberrations were visible following
treatment of cells with high concentrations (2 mM) of
iproplatin . Occasional large, multinucleate cells (Figure
2) and clusters of electron -dense particles located in
lys osom es or free in the cytosol (Figure 3) were evident.

Element concentrations during the cell cycle
Comparison of the elemental concentrations in the
cytopl as m , nucl eu s and nucleolus of CHO cells indicate
that Na , Cl , Ca , Fe and S levels were all comparable
(Table 1). Nuclear K , P , Mg and Zn were higher than
cytoplasmic concentrations ; the elements Zn and P being
particularly high in the nucleolus.
Transition from G 1 phase to the GifS phase boundary was associated with a general decrease in monovalent
ion concentration . Since intracellular Na was depleted
more than K , the K:Na ratio increased . Intracellular S
levels incr eased, while nuclear P , Mg and Zn decreased .
Progression to mid -S phase was associated with an increase
in cytoplasmic but decrease in nuclear Na , while there was
a general increase in intracellular K . Thus, while the
cytoplasmic K:Na ratio was similar in G 1 and S phase, the
nuclear K :Na ratio almost doubled , rising from 2.2 to 3.9 .
No significant changes occurred in the concentrations of
nuclear Fe, Mg and Zn, while there was some indication of
redistribution of these elements between the nucleus and
nucleolus . Nuclear P and S increased, although the
concentration of P in S phase was no greater than that in
G 1 phase .

Effect of 0.65 mM iproplatin on G1 phase cells
Following 30 minute treatment with 0.65 mM iproplatin, there was an overall depression in intracellular K,
CI, Mg, Zn, P and S concentrations.
The elements, Na,
Fe and Ca, were not affected by drug treatment (Figure 4) .
The fall in total intracellular K was highly significant,
being most marked in the nucleus, and was responsible for

Figure 3 . Electron micrographs

of clusters of electrondense particles (P) located in lysosomes of treated (2.0 mM
iprop latin) CHO cells. Bar = 1 µm (top and middle); bar
= 0.5 µm (bottom) .

799

P.G. Edwards, M.D. Kendall, 1.W. Morris

Table 1. Elemental concentration
N

Na

Mg

p

s

during CHO cell cycle.
Cl

K

Fe

Zn

Ca

CYTOPLASM
2 hr
26

288±16

31.9±4.0

369±21

117 ±7

351 ± 17 395±26

3.39±1.82

3.98± 1.30

1.35 ± . . 90

28

181±17

32.4±6.4

349± 18

153±9

126± 9 374±21

0.45 ± 1.10

2.40± 1.30

0 .56± l. 50

ns

**

ns

ns

ns

ns

ns

395 ± 16

151 ±6

187±16

448±16

5.61 ±0.70

ns

ns

**

6 hr
P (cf

8 hr
P (cf

****

2 hr)
32

271 ± 17

***

6 hr)

ns
38.3±2.9
ns

**

ns

4 . 16± 1.00

3.72± 1.06

-2.10±1.40

4.13±1.49

5 .72 ± 1.03

-0 .98±1.07

ns

ns

ns

5 .56± 1.36

5 .07±0 .98

**

ns

ns

4.79± 1.16

9 .73± 1.51

-2.13±3.26

4.54±1.48

0.67 ±2 . 11

25

237 ± 12 43.5±6.2

490±36

106±8

369±22

6 hr

34

167 ± 16

336± 18

130±7

156± 14 413±22

ns

*

407±23

164±8

P (cf

8 hr
P (cf

6 hr

6 hr)

ns

134± 10 40 .5 ±3.4

*

****

510±46

*

103± 9 516±30

**

**

ns

ns

19

357±38

57 .7±6 .0

480±47

111±11

416±33

535 ±58

18

171 ±24

36.7±7 .7

372±26

121 ±07

164±23

423± 19 4.75±1.38

**

*

ns

****

2 hr)
8 hr

P (cf

28

6 hr)

NUCLEOLUS
2 hr

P (cf

**

2 hr)

18

138±26
ns

31.1±6.1
ns

*
405±31
ns

134± 19 373±28

****

ns

0.08±l.70

***

NUCLEUS
2 hr

31.3±3.9

3 .96±0.77

*
510±37

*

ns
4 .03±2 .3 1
ns

*
6 .56±1.97
ns

ns

-1.94±1.29
ns

ns
-1.86±2.95
ns

* p < 0 .05; ** P < 0 .01 ; *** P < 0.001 ; **** P < 0 .0001 ; ns = number of cells analyzed.
Values expressed as the mean ± standard error of the mean in mmol/kg dry weight.

a decrease in the K:Na ratio in both the cytoplasm and
nucleus to approximately 1.0. Both cytoplasm and nucleus
were depleted of P and S. Depletion of intracellular P was
most significant in the nucleus, while changes in S content
were similar in each compartment. A general depression
in intracellular Zn was evident, being most significant in
the nucleolus, while changes in S content were similar in
each compartment. A general depression in intracellular
Zn was evident, being most significant in the nucleolus ,
while nuclear Mg was also significantly depressed.

Effect of 0.65 mM iproplatin on mid-S phase cells
Fewer significant elemental changes occurred in S
phase than in G 1 phase as a result of drug exposure (Figure
6) . The elements Na, Fe, Ca, Zn and Mg were not affected by the drug . Intracellular K was depressed , but only
significantly in the nucleus . Consequently the cytop lasmic
K :Na ratio remained unchanged (approximately 1. 7). while
in the nucleus, it was halved, from 4 .0 to 2.9. As in the
earlier phases of the cycle, total intracellular S decreased
following drug treatment , as did nuclear P content.
Effect of 2.0 mM iproPlatin on G1 Phase cells
In general, the changes in elemental concent rations
following treatment with 2.0 mM iproplatin were similar
to those following treatment with 0 . 65 mM ipropla tin, although most significant changes occurred in the nucleus
(Figure 7) . For example, while intracellular Kand Cl concentrations were lowered following both low and high drug
concentrations , only the change in nuclear K and Cl were
significant at the higher drug dose, in contrast to the effect
of the lower dose of iproplatin, the K:Na ratio was not
affected here.

Effect of 0.65 mM iproplatin on G1/S phase cells
Few significant changes in elemental concentrations
were induced by iproplatin at this time in the cell cycle
(Figure 5). Na, Fe, Ca, Zn and P levels were all unaffected by the drug. Intracellular K increased slightly, but this
rise was only significant in the nucleolus . The K:Na ratio
in the cytoplasm remained unchanged (approximately 2.0),
whereas that in the nucleus increased from 2.5 to 3.5 .
Changes in Cl concentrations reflected those of K and also
increased. The slight lowering of nuclear Mg following
iproplatin exposure was not significant , but both cytoplasm
and nucleus were significantly depleted of S.
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Figure 4. Changes in elemental concentrations following incubation of G 1 phase CHO cells with 0 .65 mM iproplatin
for 30 minutes. Values expressed as mean ± sem of 20-30 observations . Significant changes: cytoplasm Pp < 0.05 ,
Sp < 0 .05 , K p < 0.01; nucleus Pp < 0 .0001 , Sp < 0 .05, K p < 0.0001 , Cl p < 0 .05, Mg p < 0.01, Fe p <
0.05; nucleolus Pp < 0 .0001, Sp < 0 .05 , K p < 0.0001, Cl p < 0.01 , Mg p < 0 .001, Zn p < 0 .0001.
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Figure 6. Changes in elemental concentrations following incubation of S phase CHO cells with 0.65 mM iproplatin
for 30 minutes. Values expressed as mean ± sem of 20-30 observations. Significant changes: cytoplasm S p <
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intracellular enzymes; in particular , ATPases dependent on
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treated with cisplatin have been shown to be depleted of Cu
and Zn (Mason et al., 1984; Mason and Edwards, 1985) ,
while humans undergoing cisplatin chemotherapy are at
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inhibition of A TPase activity. They proved that the cis
configuration of the platinum complex was essential for
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that a variety of essential intracellular elements are influenced by platinum drugs. Moreover , drug-induced elemental changes would have significant consequences on intracellular enzymes and subcellular structure and function
dependent upon such elements .
This X-ray microanalysis study was performed to ,
firstly , quantitatively measure subcellular elemental concentration during the growth cycle of cultured CHO cells ,
secondly , measure changes in intracellular
elements
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Considerable work was involved in developing a
technique which provided high number s of synchronized
ce lls to make densely packed pellets from which good qual ity frozen sections could be obtained for analysis . The
harvesting procedure described in the methodology provided sufficient cells to make 2-3 control and 2-3 drug tr eate d pellets at a single tim e point. Three separate sets
of ex periments were performed at eac h time point and the
pellets pooled . Frozen sections were then cut from at least
3 pellets in each pool. Since elemental cell to cell varia tion was small, it is considered that the preparation tech nique caused little disruption to the intracellular environment and the elemental concentrations reported here are an
accurate reflection of the CHO intracellular profile . The
negative values obtained for the analysis of Ca mean that
the elemental concentration was below the detection limit
of the syste m used .
Control cells were randomly analyzed, while drug tr ea ted cells with abnormal morphology were deliberately
selected for analysis . It might be said that the drug-treated
cells so selected are thus not representative of the popula tion of drug-treated cells, however , the aim of this study
was not to compare a population of normal cells with a
population of drug-treated cells , but to compare individual
normal -looking cells with individual drug-treated cells .
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Figure 8 . Individual platinum peak/background values
obtained for G 1 phase CHO cells . Significant changes :
lysomal peak/background following 2.0 mM iproplatin p <
0 .05 .
Na, Fe and Ca concentrations were not affected by
treatment with high dose iproplatin . Nuclear P was significantly depressed , while Mg and Zn levels were specifically low ere d in the nucleolus . Interestingly , intracellular S levels tended to rise instead of fall; this rise
being signifi cant only in the nucl eus .

Analysis of platinum
Pt peaks were unable to be detected in cells treated
with 0.65 mM iproplatin for 30 minutes . However , significantly different platinum peak/background values, as compared to control cytoplasm values , were obtained from
analysis of lysosomes of G 1 phase cells treated with the
higher dose of iproplatin (Figure 8) .

Discussion

Cell cycle elemental concentrat .ions

There is still much work yet to be done before the
precise mechanism of action of the platinum chemotherapy
agents is established . Despite significant research into
DNA cross-linking ability of these drugs , there is insufficient hard data to confirm that this property of the drugs is
responsible for causing lethal cell damage . In the last ten
years, other lines of research have shown that cisplatin and
its daughter compounds can disrupt cell membranes and

A general lack of elemental compartmentalization
between the cytoplasm and nucleus of CHO cells was observed. This had previously been reported in a number of
X -ray microanalysis studies (e.g., Warley et al. , 1983 ;
Buja et al., 1985) . Elevated levels ofK, P, Mg and Zn in
the nucleus and nucleolus may reflect a greater requirement
for these elements, for maintenance of nuclear structures
and functions .
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Significant variation in most intracellular elemental
levels was apparent during the early part of the cell cycle.
The most significant and consistent changes occurred in the
concentrations of monovalent ion, with high Na level in
early G 1 phase . The mitogenic properties of Na are welldocumented (Cone 1971; Cameron et al ., 1980; Frantz et
al . , 1981 ; Warley et al., 1983) and Na has also been implicated as a trigger for a series of elemental movements
across the plasma membrane, setting in motion events leading to the onset of DNA synthesis (Burna and Rosengurt,
1984 ; Vara et al. , 1985). Particularly high levels of Mg ,
Zn and P were characteristic of the cell nucleus in G 1
phase . The nucleolus controls RNA synthesis, which is required for both DNA translation and protein synthesis.
The lower levels of these 3 elements in S phase may indicate that nucleolar activity is predominant in G 1 phase,
becoming quiescent in the DNA synthetic phase.
As the cells progressed to the G 1/S boundary , there
was a general depletion of intracellular elements. The only
exception was total intracellular S content, which gradually
increased from early G 1 phase through to mid-S phase.
Progression into S phase was associated with a rise in the
nuclear K :Na ratio , as a result of high nuclear K in S
phase. K has been implicated in controlling nuclear processes (Lubin 1967 , 1982) and high levels of nuclear K are
essential for DNA synthetic processes.
X-ray microanalysis data obtained here for synchronous, cycling CHO cells shows that the intracellular K: Na
ratio varied between 1: 1 and 4: 1 during the early part of
the cell cycle. This variation compares favourably with an
average K: Na ratio of 4 : 1 determined by flame photometry
for CHO cells (Ghosh et al., 1985) and for HeLa cells
(Norrie et al., 1982) .

Changes in intracellular elemental levels following
treatment of G 1 phase cells with 2.0 mM iproplatin were
similar to those which occurred following treatment with
the lower dose. The only interesting difference in the two
sets of data concerned cellular S content. Whereas the
lower drug dose induced a depletion of cellular S , following the higher iproplatin dose , nuclear S content was significantly raised . Thiols are the most abundant source of
intracellular sulphur. A number of studies have shown that
thiol depletion - in particular, glutathione depletion - is
associated with an increase in platinum drug toxicity
(Smith and Brock , 1988; Edwards , 1988). A variety of
thiol-containing compounds can protect against Pt drug
toxic effects (Nagy et al., 1986 ; Gringeri et al ., 1988) .
Daley-Yates and McBrien (1982) showed that cisplatin inhibits both Mg and Na/K ATPases in crude kidney preparations in vitro. A number of amino-acid complexes with
cisplatin were synthesized and tested for their ability to
inhibit ATPase. Notably , cysteine-cisplatin was unable to
inhibit the enzyme, so suggesting that strongly bound S
atoms render the complex unreactive.
Intracellular thiol groups are considered to constitute the bulk of intracellular S and the bulk of thiol groups
are within the compound glutathione , or cellular enzymes.
Glutathione is intimately involved in protective mechanisms against drug-induced cell damage . Platinum is
known to have a high affinity for S (Howe -Grant and
Lippard, 1980) and it is thought that enzyme inhibition by
Pt compounds is primarily due to reaction with essential
thiol groups (Aull et al., 1979) . The significant depletion
of intracellular S following treatment with 0 . 65 mM iproplatin might therefore have serious consequences for the
cell. Firstly, essential thiol-rich enzymes might be significantly depleted , and/or intracellular glutathione stores
might be depleted , no rendering the cell more vulnerable
to drug-induced cell damage.
A significant increase in nuclear S content following
exposure to high doge iproplatin requires a different explanation . It may be that intracellular thiols are accumulated
by the cell in an attempt to overcome drug-induced nuclear
damage, by getting up glutathione-dependent
repair processes or alternatively by attempting to bind the toxic compound . Metallothionein, a protein rich in cysteine residues , has been postulated to be responsible for binding Pt
within cells (Sharma and Edwards, 1983; Kraker et al.,
1985) . Although cisplatin has not been shown to induce
metallothionein synthesis, cells which have a high content
of metallothionein are resistant to cisplatin (Bakka et al . ,
1981) and cisplatin has been shown to bind metallothioneins both in vitro and in vivo. Teicher et al . (1987)
showed that the resistance of a human tumor cell line to
cisplatin was due to an increase in a metallothionein-like
protein. Thus, the S peak may be indicative of the presence of a sulphur-rich binding protein, similar to metallothionein, binding Pt within cell nuclei.

Effect of iproplatin
on intracellular
elemental
concentrations
Alterations in intracellular elemental concentrations
resulting from 30 minute treatment with 0. 65 mM iproplatin were most significant and most numerous in G 1
phase cells. Platinum drugs are known to possess differential cycle phase cytotoxicity , being most toxic to cells in
G 1 phase (Edwards and Nias, 1986), it is therefore not surprising that most elemental changes occurred at this time .
Furthermore , the platinum drugs are presumed to exert
their toxic effect within the cell nucleus (Roberts and
Fr a val, 1978) and electron microscopy of CHO cells in this
study have shown nuclear aberrations resulting from treatment with iproplatin . Most elemental changes following
drug treatment, as one would expect, occurred in the nucleus and nucleolus of the cell.
The general effect of iproplatin in G 1 phase was to
deplete the cell of all essential elements, except Na, Fe and
Ca. Abnormally low availability of the elements, K, Zn,
Mg, P and S, particularly within the nucleus, would severely inhibit normal metabolic processes and could easily
account for subsequent cell death. In mid-S phase, few
significant changes occurred as a result of drug treatment.
No significant elemental changes were observed within the
nucleolus , which may reflect the inactivity of this organelle
at this time. That iproplatin induced changes were few at
this time is consistent with the fact that this drug is
significantly less toxic to cells in S phase (Edwards, 1988).

Analysis of Platinum
Detection of low levels of Pt within cells is not
easy. Delves and Shuttler (1986) in reviewing the use of
electrothermal atomization and atomic absorption spectrophotometry (AAS) for tissues and body fluids considered
that concentrations greater than 50-100 µg/1 should be
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detectable.
The amount of Pt applied to the culture medium here was far greater than this, and Smith and Brock
(1989) have successfully used AAS for this type of system.
However, these methods are destructive and do not allow
the localization of Pt within the cell whereas X-ray microanalysis does. The problems with X-ray microanalysis
arise from the fact that, practically, only the Pt M lines
can be used for analysis and unless the elements are present under the region analyzed, small local concentrations
could be missed although AAS would indicate a total cell
burden .
Platinum is a heavy metal and the operating conditions used here do not allow the generation of the Pt K line
(which was used for all the other biologically important
elements studied here) . The Pt L lines, emitted at 9.44
keV and 11.44 keV , were used here , as the M lines, which
were weaker , overlap with the much stronger Pt K lines .
Thus, detection of Pt is hindered to a certain extent
by the limits of the detector system . In addition, the only
successful detection reports of Pt in biological specimens
using X-ray microanalysis have either required permeabilization of cells in vitro (Khan and Sadler, 1978) , or excessive dose regimens in vivo (Berry et al., 1982; Makita et
al., 1985) . Even then , the Pt peak has only been small and
sites of intracellular Pt located in these studies have not
been at all consistent. The amount of cellular exposure to
Pt in the previous studies was far greater than in this
study, so it was not surprising that no clearly definable Pt
peaks were obtained.
In this study , the only statistically significant increase in Pt peak/background
values over control cytoplasm measurements was obtained in the lysosomes of cells
treated with 2.0 mM iproplatin . Electron microscopic studies (Edwards , 1986) have shown that iproplatin induces
lysosomal proliferation and this was most apparent at the
higher drug dose. Electron-dense particles observed in
lysosomes of cells treated with iproplatin may be further
evidence of drug accumulation within this organelle.
Accumulation of lysosomal Pt , as detected by X-ray
microanalysis, was associated with high levels of Sand Fe .
This is in accordance with the findings of Berry et al.
(1982), where X-ray microanalysis of lysosomes in rats
that had received long term cisplatin yielded spectra with
visible Pt peaks associated with large S and Fe peaks . As
already discussed, the association of Pt with S may reflect
accumulation of a metallothionein-like
binding protein,
holding the Pt within lysosomes, in an attempt to protect
the cell from heavy metal toxicity . As in the research by
Makita et al . (1986) the significance of the Fe peak in
association with Pt remaining unknown .
In conclusion, this study has shown that within 30
minutes of exposure to iproplatin, significant intracellular
elemental changes occur. These findings are consistent
with the literature, suggesting that Pt exerts its lethal effect
within cell nuclei and that it may bring about its action via
bonding to intracellular S moieties. Highly significant elemental changes early in G 1 phase cell nuclei could be responsible for preventing normal cell cycling. Significant
changes in intracellular S pose interesting questions concerning the role of this element in handling of intracellular
Pt.
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with Cl peaks and K:Na ratios comparable to other data
available in the literature (see Ghosh et al. , 1985 and
Norrie et al ., 1982. We are therefore happy that the
degree of membrane leakage was negligible.
A.T. Sumner: Does treatment of the cell cultures with the
drug affect their progression through the cell cycle? If so,
how was the stage of the cell cycle in the treated cells
determined?
Authors : Extensive flow cytometric studies were performed while designing the technique of cell synchronization . The method employed yielded approximately lx10 7
cells, with mitotic index greater than 85% . Using flow
cytometry, the length and stages of the CHO cell cycle
were determined . Further application of this technique
showed that exposure to iproplatin caused cells to continue
to progress through the early part of the cycle, but
progression was arrested in late S phase. Up until that
time , good synchrony wag maintained , but beyond late S
phage, large numbers of cells were halted in late S phase,
while smaller cohorts progressed slowly on to G2 and M
phase. Thus , it was decided to analyze cells only in the
first half of the cell cycle (G 1, G 1/S and mid-S phase).
A.T. Sumner : The treatment with the drug appears to kill
a substantial proportion of cells. Were the cells that were
measured still viable , and how was this determined? If the
cells were dying , this would affect the elemental concentrations within them ; this, however , would not be a direct effect of the drug . The results as described do not appear to
provide evidence that the drug itself necessarily affects
elemental concentrations within cells.
Authors: The drug regimes chosen of 30 minute exposure
to 0 .65 mM and 2.0 mM iproplatin were equivalent to a
surviving fraction of 70% and 10% respectively.
Surviving fraction is measured by clone counting 5 days after
plating out cells treated with the drug . As discussed
above, flow cytometry showed that drug-treated cells
continued to progress through the cell cycle as far as late
S phase . By freezing cells down immediately after 30
minute drug exposure, it is assumed that the cells at that
time were viabie.
T. Makita : Why were you not able to observe the Pt-complex in the nucleus of specimens that contained a lysosomal
Pt-compound?
Authors:
No electron-dense particles similar to those
shown here in lysosomes were seen in drug treated cell nuclei. The reason for this is not clear .

Discussion with Reviewers
K. Tvedt: The G 1-'control' cells have rather low K:Na
ratios. Is there any possibility that the preparation prior to
freezing (centrifugation, washing and resuspension) may
have caused membrane leakage?
Authors: A pilot study was performed using monolayer
cultures rather than suspension cells . Following drug
treatment , the monolayer cells were allowed to settle on
micropore tufts, which were then frozen down as described
here. However, cells were not closely packed and analysis
spectra had extremely low K :Na ratios of less than 1.0.,
with very high Cl peaks and excessive cell to cell
vanat10n . By changing to suspension cultures, large
numbers of cells could be spun down to form a densely
packed pellet containing very little suspension medium.
From these cells , analysis spectra were highly consistent,

T. Makita : Induction of metallothionein is very difficult
after 4 to 6 weeks of isoplatin in vivo and the metal content
in the metallothionein itself is not sufficiently high to be
detectable by energy dispersive X-ray microanalysis. How
can your suggestion that the S-peak may indicate the
presence of a sulphur-rich binding protein that would bind
Pt in the nucleus be proven?
Authors : Using spectrophotometric assay techniques it has
been shown that total intracellular non-protein and protein
thiol levels are significantly altered by iproplatin drug
treatment (Edwards, 1986, 1988). Of greater interest
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would be analysis of subcellular fractions, in particular
nuclei and lysosomes , for their thiol content. For technical
reasons , this has not yet been attempted , but would be
expected to yield information relevant to this hypothesis .

T. Makita : On what grounds do you base your suggestion
of redistribution of Fe , Mg and Zn between nucleus and
nucl eolus of untreated cycling cells?
Authors : Transition of control cells from G 1 to S phase
(Table l) is associated with unaltered cytoplasm : nuclear
ratios of these 3 elements . However , on closer analysis ,
it would seem that within the nuclear compartment , ther e
is a suggestion of redistribution of these elements, their levels decreasing in the nucleolar fraction . However , only
the decrease in nucleolar Mg and Zn were statistically
significant.
T. Makita : I once proposed that the Fe peaks in Pt-treated
cells or tissues might be partly due to Fe from destructed
red blood cells and partly to physical (metallic) affinity of
Pt to iron . Could you comment on that speculation?
Authors : There were no red blood cells in these preparations and indeed no significant changes in Fe at either low
or high doses of iproplatin . Your proposition still need s
testing!
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